The course and location of vestibulospinal, reticulospinal and descending propriospinal 
Introduction
In presenting this paper, we cannot do better than quote the introduction to Sie Pek Giok's thesis on 'The localization of fibre systems within the white matter of the medulla oblongata and the cervical cord in man ' (1956) : 'When studying the different papers and atlases concerning the medulla and the cord of man, one very rapidly becomes aware that the localization of fibre tracts in the various © Oxford University Press 1996 publications are controversial and vague. Frequently localizations are quite different in the various papers. This may depend upon a number of factors such as the ... uncritical application of the findings in laboratory animals to the human central nervous system . . . Still it is worth while to try to ascertain the site of the different tracts in the medulla and the cord of man, because neurological clinical diagnosis and neurosurgical therapy both depend greatly upon the knowledge of their topography. ' In textbooks of anatomy the usual way of illustrating tracts is to present photographs of sections of the brainstem and spinal cord and label fibre groups. The labelling is based on the cat and is not often based on evidence in man. These diagrams and photographs are the basis of our knowledge of the anatomy of the CNS in man. The anatomy of the large tracts in man has been adequately worked out; that of smaller tracts and fibres, not neatly arranged in groups, depends entirely on species other than man. In Fig. 1 the location of reticulospinal tracts in the cervical enlargement as given in various textbooks is shown. Nudo and Masterton (1988) published an important comparative study of descending pathways to the spinal cord. They concluded that there were at least 27 supraspinal cell groups that send nerve fibres to the cord, of which 14 are in the pons and medulla. Representatives of these are present in all mammals. Although there are some quantitative differences between species, the similarities are more striking.
There are many reasons why our knowledge of the anatomy of tracts in man is far less than in some other species. Experimentally, small lesions are placed, when possible, in sites where there is minimal interruption of passing fibres. Naturally occurring lesions are usually large and occur anywhere in the nervous system.
Ideally, the course and location of vestibulospinal and reticulospinal fibres would be derived solely from brainstem lesions; but there is very little human material available. Axonal transport and immunohistological techniques cannot be used in man and so the gap in knowledge between man and other species is widened.
Although we have emphasized the importance of knowing the location of pathways in man, the investigation of other species by generations of anatomists has been our constant guide. In most cases we identify descending fibres by showing that they occupy the same location as in the macaque. In other cases, we have learned the identification and location of some fibre groups from previous work by Dr Marion Smith and from our combined studies based on clinicopathological correlation.
On the whole, we have not named individual reticulospinal tracts. There are several reasons for this. Reticulospinal fibres cannot be identified by their position in the cord. Further, most of these fibres shift their position as they descend. This mainly posterior movement has also been noted by our predecessors, though we have emphasized it. In man, the only satisfactory evidence for identifying the reticulospinal tracts would be from small brainstem lesions; but these must occur very rarely. Finally, examples will be seen in Tables 4  and 5 of various workers using the same names for different tracts; and so our using these names would add to the confusion.
What was known of the anatomy of reticulospinal tracts before 1955 and of propriospinal fibres before 1959 was reviewed by Nathan and Smith. It is important to know the location of reticulospinal fibres in relation to that of the most obvious group of descending fibres, the lateral corticospinal tract. The evidence of the location of this tract at all segmental levels was reported by Nathan et al. (1990) . For convenience, figures of C3, C7 and T6 from that paper are presented here as Fig. 21 . Excellent and more up-to-date reviews are those by Holstege and Kuypers (1982) , Schoenen and Faull (1990) , Schoenen and Grant (1990) and Martin et al. (1990) .
Due to the limitations imposed by the techniques that can be used in man, the observations reported here are far from being definitive. The material presented here has been collected over a period of 45 years, and was begun before the general introduction of electron microscopy. Myelin stains were mainly used and so our conclusions are limited to myelinated fibres. The reason for presenting this material is that it is unique, and that it is unlikely that such a study in man will be carried out again.
As this paper is concerned with descending fibres of the anterior and lateral columns, no mention will be made of descending fibres in the posterior columns.
We present no new evidence on the medial longitudinal fasciculus nor on the tectospinal tract which merges with this bundle in the spinal cord. Although these fibres were divided in some supraspinal and in many spinal lesions, they could not be distinguished from neighbouring and overlapping fibres.
Terminology of columns of white matter
The white matter of the spinal cord is customarily divided into posterior, lateral and anterior columns (or funiculi). The lateral column is commonly divided into anterolateral and posterolateral portions, without accurate definitions of the boundaries. Smith (1957a) considered the boundary between the anterior and lateral columns to be the most lateral anterior nerve root and that between the anterolateral and posterolateral portions to be the most lateral anterior nerve root, and that between the anterolateral and posterolateral portions to be the equatorial plane. This term is defined as a horizontal line, drawn through the central canal, passing from one side to the other.
Reticulospinal and propriospinal fibres in man

Material
The cases illustrated in the figures are listed in Tables 1-3 . There are three cases with supraspinal lesions, four cases of total cord division of which two are illustrated and 33 cases of anterolateral cordotomy carried out for the relief of pain of which 13 are illustrated. Cordotomies were available for study from C1-2 to L2, except for segments T10, 11 and 12. This series of cordotomies provided examples of complete division of all columns of the white matter except the posterior. The degenerating fibres seen in the posterior columns in many of the figures are due to one of three factors. There is the cutting of one posterior root at the operation; neoplastic invasion of posterior roots; and chemical rhizotomy with phenol solutions. The case numbers are the same as in all our other papers, except for the following: Case 9 was Case 1 and Case 2 was Case 3 in the paper by Nathan and Smith (1982) .
Methods
The cords were fixed in formol saline. The majority of, and in some cases all spinal segments were examined histologically. Each segment was identified and cut transversely just cranial to the insertion of the most cranial nerve roots. This plane was taken to indicate the cranial limit of each segment. Each segment was usually divided into several blocks which were processed for different staining methods. Most blocks were embedded in celloidin, others in wax; frozen sections were also prepared. The Marchi method was used mainly. Even though it does not stain axon terminations nor unmyelinated fibres it was useful for showing the full length of the projections, for instance from the pons and higher cervical segments to the sacral cord. It was preferred for the publication of figures owing to its good photographic properties. Numerous histological staining methods were used, including Weigert-Pal and Loyez. (NB In the figures, in Marchi preparations, degenerating fibres stain black, including the degenerating fibres within the lesions or the incision. In Weigert-Pal and Loyez preparations, degenerating fibres are shown by pallor, including the degenerating fibres within the lesion or the incision.)
Results
Observations on the lateral vestibulospinal tract
Case 1 (Fig. 2) . This 29-year-old patient had a thrombosis of the basilar artery that destroyed the central region of the pons and the pontine tegmentum bilaterally. The maximal area of the infarct is shown in Fig. 2 . It includes almost all the central part of the pons, extending further laterally and Table 3 Case no. Cervical cases  44  58  39  37  20  35  80  19  Thoracic cases  89  7  10  3  67   9  11  4a, 4b, 13  14  12  10  4a, 4b  15   16  17  18  19  20   C2  C2-3  C2-3  C2-3  C3  C2-3  C6   T2  T6  . T5  T6  T3   Cl-2   C5   T3  T5  T5  T7   313  185  811  100  112  97  123   159  24  141  203 caudally on the left. Among other nuclei and fibres destroyed were the left vestibular nuclei and left lateral vestibulospinal tract and both medial longitudinal fasciculi. The left lateral vestibulospinal tract could be traced into the lower thoracic cord. At C3, it lies on the periphery of the cord, lateral to most of the emerging anterior roots. As the tract descends in the cervical cord, it moves medially. At C7 it is seen on the left at the sulco-marginal angle and in the most medial part of the anterior column. Here the fibres of the lateral vestibulospinal tract are mingled with the fibres of the medial longitudinal fasciculus. In the upper thoracic cord, the tract returns to its previous location, anterior and lateral to the anterior horn. In the lumbar segments, it was impossible to differentiate between vestibulospinal fibres and degenerating reticulospinal fibres.
Anterolateral cordotomies
Case 2 (Fig. 3) . This 49-year-old patient had a grade 3 pontine astrocytoma that destroyed much of the left pontine tegmentum, including the left vestibular nuclei. At the section of the lower medulla, the left lateral vestibulospinaJ tract is seen on the periphery of the cord, lateral to the anterolateral angle of the anterior horn. It appears darker than the other degenerating fibres throughout the anterior column as the fibres of the tract are more condensed. As the tract enters the cord, the fibres are spread a little more along the periphery of the cord. By C3, the fibres have moved medially. At C7, the tract lies at the sulcomarginal angle of the cord.
Cases 39 and 80 ( Fig. 4A and B) . The tract was divided in the most medial part of the anterior limits of the incisions at C2-3. In the lower cervical cord (C7) it is situated medially, near the sulcomarginal angle. By T2, it returns to its previous location, being traversed by the most lateral of the anterior roots, and it remains in this location throughout the thoracic cord. In the one supraspinal case with sections at this level, in the total transverse cord lesions, and in the cordotomies in which the incision divided the anterior and/or anterolateral columns, degenerating fibres were seen in this location in the lower thoracic cord, but reticulospinal and vestibulospinal fibres could not be distinguished. In our material the tract could not be traced below L3.
Conclusions on vestibulospinal tract
The location of the lateral vestibulospinal tract at Cl, 3 and 7 and T6 is shown as a diagram in Fig. 5 . The medial vestibulospinal tract descends within the medial longitudinal fasciculus and could not be distinguished from the other fibres of this bundle.
Observations on reticulospinal fibres: supraspinal lesions
Case 1 (Fig. 2) . There were only a few blocks available in this case. Nevertheless the case is valuable as such a bilateral destructive lesion of the brainstem with a survival period of 6 weeks is rarely obtained for histological study. This infarct destroyed the nuclei and fibres originating within the infarcted area and also descending fibres from above this area. The nuclei and tracts originating in the most caudal part of the pons and the medulla were below the infarct and so they were intact. The following nuclei and descending fibres were within the infarcted area: the left and probably the right descending tectal fibres, fibres from the interstitial nucleus, the nucleus reticularis pontis oralis and caudalis, nucleus reticularis gigantocellularis of the pons, the left and possibly the right nucleus reticularis paragigantocellularis and fibres from the nucleus coeruleus and subcoeruleus and nucleus cuneiformis.
In the medulla below the infarcted area, both central tegmental tracts, the medial longitudinal fasciculus and the tectospinal tracts are degenerate, together with reticulospinal fibres along both sides of the raphe. On the left, there is a group of fibres just lateral to the tectospinal tract that is degenerating and also some other fibres in the dorsal half of the medulla. Also on the left, there are a few degenerating fibres in the position of the rubrospinal tract. There are scattered degenerating fibres in the medial part of the reticular formation, more marked on the left.
In the sections of the cervical cord, the left lateral column is narrower than the right. This may be due to a structural difference or to a fixation artefact. At C3, the mass of degenerating fibres in the lateral columns comes well anterior to the usual border of the lateral corticospinal tract; this is most marked on the left. As damage to the pontine reticular formation was greater on the left, the greater number of degenerating fibres on the left in this section is accounted for. These are mainly reticulospinal fibres of pontine origin. Some may be rubrospinal, although there are only a few degenerating fibres in the location of the tract in the medulla.
In the anterior columns of the cervical cord, the ant. corticospinal tract and the medial longitudinal fasciculus are degenerating. Other degenerating fibres in the sulcomarginal zone must have other origins, for such extensive degeneration is not seen with degeneration solely of the anterior corticospinal tract and the medial longitudinal fasciculus These fibres are likely to be pontine reticulospinal; they may include tectospinal and medial vestibulospinal fibres leaving the medial longitudinal fasciculus
The scattered degenerating fibres throughout the anterior and anterolateral columns in the upper cervical cord (C3) are more concentrated in the peripheral third of the columns. On the right, the degenerating fibres are displaced posteriorly by Helweg's tract, but this is not seen on the left. The region of relative pallor of Helweg's tract in a Marchi section is obscured by degeneration of the large fibres of the lateral vestibulospinal tract and pontine reticulospinal fibres.
In the cervical enlargement (C7), degenerating fibres of the anterior and anterolateral columns surround and enter the anterior and anterolateral surfaces of the anterior horn.
In the thoracic segments (T6), degenerating fibres are descending within the peripheral two-thirds of the anterior and anterolateral columns. There is a group of degenerating fibres, more clearly seen on the left, surrounding the lateral horn and another group of fibres on the border of the anterior horn, immediately anterior to the lateral hom. The number of degenerating fibres decreases throughout the lower thoracic segments. At L3, for instance, the amount of degeneration in the anterior columns is notably less than at T6. In the posterolateral columns at this level, the area of degeneration is of greater extent than that of the lateral corticospinal tract and so the fibres that are anterior to the corticospinal tract are reticulospinal. Degenerating fibres are present throughout the anterior and lateral column, along the anterior surface of the cord and around the sulcomarginal angle. These latter fibres are sometimes referred to as the sulcomarginal tract (following Marie); they continue into the sacral segments. Between the inner surface of the anterior hom and the anteromedial fissure there are a great many degenerating fibres. Those deep in the fissure are corticospinal; the others must be reticulospinal, some of which descend into the sacral segments. Throughout the lumbar and sacral segments, there are still a large number of degenerating fibres in the posterolateral columns. In these segments, fibres from the posterolateral and lateral columns run medially, entering the grey matter in the zona intermedia and the posterior surface of the anterior horn.
Case 2 (Fig. 3) . In this case, referred to above, necrotic tissue had replaced the left half of the pons and the tumour was spreading across the midline at its upper extremity. Rostrally, the tumour extended beyond the pons to the isthmus and the inferior colliculus. In its rostral extent, the tumour had invaded the left superior cerebellar peduncle, the lateral lemniscus, the spinothalamic tract and the medial lemniscus. It caused descending degeneration in the vestibulospinal fibres, the descending tract of the trigeminal nerve and the fasciculus solitarius. In addition to the fibres and nuclei destroyed in the pons, fibres taking origin rostral to the tumour must have been destroyed. These include those from the nucleus coeruleus and subcoeruleus, nucleus reticularis pontis oralis and caudalis and the left medial longitudinal fasciculus. On the right, neoplastic cells were scattered among the corticospinal and pontocerebellar fibres.
In the lower medulla, the anterior columns contain a great number of degenerating fibres. There are more of these fibres on the left, where they surround the anterior horn. They continue into the lateral columns and are also seen along the anterior surface of the anterior horn on the left. In addition to the fibres of the ant. corticospinal tract and the medial longitudinal fasciculus, there are fibres of the anterior (ventral) reticulospinal tract
On the left, anterolateral to the crossed corticospinal fibres, the small condensed group of fibres is the rubrospinal tract. Anterior to it is a crescent of degenerating fibres spreading to the anterolateral surface of the cord; they are still present at C7. These are likely to be reticulospinal fibres.
Rub. sp. tr.
-\ C3
Hel. tr. m. I. f At C3, most of the degenerating fibres are on the left in the anterior and anterolateral columns. There are fewer of these fibres at C7.
Case 9 (Fig. 6) . This 26-year-old patient died 16 days after a severe closed head injury that caused multiple haemorrhages and necrotic areas. A series of more detailed photographs of the lesions and degenerating fibres was shown as Case 1 in our paper on rubrospinal and central tegmental tracts (1982) . The lesions included the cortex, a large region of the left lower midbrain and upper pontine tegmentum and a small region of the right lateral pontine tegmentum. In the brainstem, the lesion on the left extended from the substantia nigra to the middle of the inferior colliculus. The lesions destroyed both rubrospinal tracts, many corticospinal fibres, both predorsal bundles (consisting of tectobulbar and tectospinal fibres) lying immediately anterior to the medial longitudinal fasciculus, both medial longitudinal fasciculi, the left central tegmental tract and the left lateral reticularis nucleus. Other degenerating reticulospinal fibres came from the nucleus coeruleus and subcoerulus, nucleus cuneiformis, nucleus reticularis pontis oralis, nucleus reticularis lateral paragigantocellularis and the nucleus reticularis parvocellularis. The nuclei and descending fibres of the lower pons and medulla were spared, being caudal to the lesion.
In the upper cervical cord (C3, Fig. 6 ) there are many degenerating fibres in the anterior and lateral columns. They are scattered mainly in the peripheral half of the columns with more degenerating fibres on the left. Those fibres that are not rubrospinal must be reticulospinal.
There are no degenerating fibres along the inner surface of the anterior horn but lateral and anterior to this area are the degenerating anterior corticospinal tracts and medial longitudinal fasciculus fibres. In addition to the reticulospinal fibres within the medial longitudinal fasciculus, the other scattered fibres in this region must be reticulospinal.
There are a few degenerate fibres within the area of Helweg's tract and very few within the juxtagriseal area. It thus appears that descending fibres are pushed away from the anterior horn at the most cranial level of the cord by juxtagriseal fibres, most of which are ascending at this high cervical level. There are degenerating fibres in all lateral and anterior corticospinal tracts due to general damage above the level of the midbrain lesion. The degenerating fibres that do not belong to the corticospinal tracts, rubrospinal tract and the medial longitudinal fasciculus, must be reticulospinal tract fibres.
Conclusions from supraspinal cases on reticulospinal tracts
Reticulospinal fibres descend in the lateral columns lateral to the rubrospinal tract, in the anterolateral columns and in the anterior columns, both lateral to the medial longitudinal fasciculus and within the medial longitudinal fasciculus
In the three cases with supraspinal lesions, these lesions were bilateral and central in Case 1 (Fig. 2 ) and largely unilateral in Cases 2 ( Fig. 3 ) and 9 (Fig. 6 ). In these cases, the large lesions mainly destroyed the same structures. However, in Case 9 the lesion on the left Was very extensive and that on the right was small. In the Cases 2 and 9 there were more degenerating fibres ipsilateral to the large lesions. This constitutes some evidence that reticulospinal fibres from these lesions run bilaterally though mainly ipsilaterally.
In Case 1 (Fig. 2 ) with the bilateral medial lesion, the nucleus reticularis pontis gigantocellularis and the nucleus reticularis pontis paragigantocellularis and fibres from the nucleus of Darkschewitsch were destroyed but not in the other two cases. In this case, there was a great number of degenerating fibres throughout the anterior and lateral columns; some could be traced into the sacral segments. 
Observations on reticulospinal fibres and descending propriospinal fibres of the anterior and lateral columns: spinal lesions Total transverse lesions
Total transverse lesions of the spinal cord divide all fibres of supraspinal origin as well as fibres originating in the cord. We are therefore faced with the problem of distinguishing reticulospinal fibres from descending propriospinal fibres. The supraspinal cases show only fibres originating in and above the pons whereas the spinal cases show all fibres arising above the level of the lesion.
Case 119 (Fig. 7) . In this case, there was a slow compression of the cord due to metastases causing a total transverse lesion at T3, 2-3 months before death. At T7, four segments below the compression, degenerated fibres are scattered in the anterior and lateral columns. There is a group of degenerating fibres, more obvious on the left, on the anterolateral surface of the anterior horn, immediately anterior to the lateral horn. They are no longer present at LI.
On the periphery of the cord on the equatorial plane, there is a group of degenerating fibres, again more obvious on the left, forming a triangle. There are still a few of these fibres at LI. There are scattered degenerating fibres mainly on the periphery of the anterolateral and anterior columns; they are still present in the lumbar segments. Both in the thoracic and lumbar segments there are degenerating fibres between the anteromedial fissure and the inner surface of the anterior horn. These are reticulospinal and propriospinal fibres, as well as fibres of the anterior corticospinal tract and the medial longitudinal fasciculus.
Case 4 (Fig. 8) . This patient had a compression of the cord at T8-10 due to collapse of the vertebrae from metastases 100 days before death. The damage to the cord, as in other cases of cord compression, did not disrupt all nerve fibres passing through the region of compression.
The section at Til, shown in Fig. 8 , was one segment below the compression, whereas in Case 119 (Fig. 7) , the section was four segments below it. And so in this case, at Til, close to the lesion, there are far more degenerating fibres. There are a great many degenerating fibres around the anterior horns and in the sulcomarginal angle. Evidence from the cordotomies shows that the great majority of these fibres are propriospinal. Degenerating fibres could be seen entering the lateral horn. On the left, there is a group of fibres anterior to the lateral horn reaching halfway to the periphery. The group of fibres forming a triangle is not seen on the periphery of the lateral columns but it is present at L3. These fibres were seen in other cases of cord compression not illustrated here. There are a great many degenerating fibres in the anterior columns, mainly on the periphery and surrounding the anterior horns.
By L3, there were surprisingly few degenerating fibres. This fact may be an indication that the majority of reticulospinal and descending propriospinal fibres supply the lumbar enlargement and have entered the grey matter by L3.
In this case, the lateral vestibulospinal tracts were not seen caudal to the lesion. Whether they have ceased by that level, or cannot be distinguished among the other degenerating fibres on the periphery of the cord cannot be stated. Two features within the posterior columns should be mentioned. The descending branches of posterior root fibres originating just above the compression stand out clearly in this Marchi section. Further, they end in the deepest part of the posterior columns in two small areas of more densely arranged degenerating fibres. They are fibres of the cornucommissural tract, and are seen also at L3 in Case 4.
Anterolateral cordotomies
The location and depth of the cordotomy incisions varied, but in the total series, the entire white matter of the cord was divided, with the exception of the posterior columns.
High cervical cordotomies
There were 10 cases in which the cordotomy incision was at or above C3: features of seven of these are illustrated.
At the most cranial segments of the cord, the bulk of descending propriospinal fibres, apart from the juxtagriseal fibres, is small. Therefore, most of the fibres degenerating as a result of incisions in these segments have a supraspinal origin.
The most cranial of the cordotomies was Case 44 (Fig. 9 ). As the incision was between Cl and C2, the descending nerve fibres divided by it had their origin above the spinal cord and the majority must be reticulospinal apart from those of the anterior corticospinal tract The incision cut through the entire anterior column, the most anterior part of the lateral column and the anterior hom. This case illustrates the large number of fibres entering the cord from the medulla and the reduction in their number by the lower cervical segments. At C3, the whole of the anterior column is full of degenerating fibres; the medial half of the lateral column contains large numbers of degenerating fibres. By C7 there are far fewer degenerating fibres. By L3, only a few of these reticulospinal fibres remain, and in the sacral segments, those remaining in the anterior column are confined to the sulcomarginal angle.
Other cases showing this progressive reduction in the number of reticulospinal fibres in the anterior and lateral columns throughout the cord are Cases 37, 39 and 80. In Case 39, a comparison of the sections at C2-3 (Fig. 4A) with the sections at C7 and T2 (Fig. 4B) illustrates this reduction. Further caudally throughout the thoracic cord (Til, Fig. 13 ) this reduction in numbers continues. Case 80 had the largest incision at C2-3 (Fig. 4A) ; it divided the lateral part of the anterior column and the entire lateral and posterolateral column on the left. Thus all reticulospinal fibres in these columns would have been divided. By the cervical enlargement (C7, Fig. 4B ), the number of these fibres is greatly reduced. This evidence of the fibres entering the grey matter of the cervical enlargement is also seen in Case 37 (Fig. 14) . At C7 there are many degenerating fibres: by T2 there is a great reduction in their number.
As the reticulospinal fibres descend in the cervical cord, they move towards the periphery. This is likely to be on account of the thick layer of juxtagnseal fibres in the cervical enlargement. Below the enlargement, these reticulospinal fibres move again towards the anterior horn and are scattered throughout the column; but small groups remain on the periphery throughout the thoracic and lumbar segments.
Degenerating fibres following anterior and anterolateral cordotomies in the cervical cord enter the anterior and anterolateral surfaces of the anterior hom. This is seen in Case 44 (Fig. 9 ), Case 39 (Fig. 4B ) at C7 and T2 and in Case 37 (Fig. 14) at C7.
In Case 35 (Fig. 10) , the incision at C3 was relatively superficial and avoided the anterior column. The curious outline of the area of degeneration is due to degenerating fibres running towards the zona intermedia This continues throughout the cervical enlargement and is shown also at T2. This outline of degeneration is also seen at C5 in Case 20 (Fig. 12) . In all of our material, fibres are seen entering the grey matter in the zona intermedia They are shown in Case 39 (Fig. 4B, C7 and T2), Case 58 at C5 (Fig. 11) , Case 20 at C5 (Fig. 12) and Case 37 at C7, T2 and T9 (Fig. 14) .
As fibres of the lateral corticospinal tract, rubrospinal tract and propriospinal fibres all terminate in this region, reticulospinal fibres entering the grey matter here cannot often be identified. However, there were cases in which the In Case 35 (Fig. 10 ), all the reticulospinal and propriospinal fibres divided in this superficial lateral incision in the upper cervical cord were no longer present below the lumbar enlargement. In L3, it is seen that only the lateral corticospinal tract is degenerating.
In general, there is a posterolateral movement of fibres of the anterior and anterolateral columns as they descend. Examples are Cases 35, 58, 20, 39 and 19. In Case 35 (Fig. 10) , the posterolateral movement of the degenerating fibres is seen by comparing sections at C4 and T2. By T2, nearly all degenerating fibres are posterior to the equatorial plane whereas at C4 most of them were anterior to this plane. Similarly, in Cases 58 (Fig. 11) and 20 ( Fig. 12) at C3, there is no area of degenerating fibres posterior to the equatorial plane, but at C5 degenerating fibres are in the posterolateral column.
In Case 20 (Fig. 12) , the degenerating fibres seen at C5 in the posterior, anterior and medial parts of the anterolateral columns are due to total compression of the cord at T6, which occurred 13 days before death. In this case, the incision was at C2-3, dividing all the anterolateral column. By C5, there are few degenerating fibres in the anterolateral column, for many of the fibres have moved to a region posterior to the posterior surface of the anterior horn. Only a few of these fibres are lateral corticospinal
In Case 39 (Figs 4A and 13) the incision, also at C3, was larger and deeper than that of Case 35 and reached into the grey matter. A comparison of the area of the incision in Fig. 4A with that at T2 (Fig. 4B) shows that by T2 there are far fewer degenerating fibres in the anterolateral column and that many more fibres are now posterior to the equatorial plane. Further caudally, by the lower segments of the thoracic Not all fibres move posteriorly during their descent. There are fibres that entered the cord lying anterior to the lateral corticospinal tract after its decussation and continue in that location throughout the cord. They are seen after deep incisions involving the anterolateral column. These fibres are scattered in the lateral column. Examples are Cases 39 (Fig. 13) and 37 (Fig. 14) .
In Case 37 (Fig. 14) , the incision at C2-3 reached into the grey matter medial to the posterior surface of the anterior horn. In Cases 30 and 37 with similar incisions, there are two groups of degenerating fibres in the thoracic cord descending alongside the grey matter: one group surrounds the lateral horn and the other is immediately anterior to it on the anterolateral surface of the anterior horn. They are degenerating in Case 39 (Fig. 13 ) but in this section at Tl 1 they cannot be clearly distinguished. In Case 37 (Fig. 14) they are seen more clearly at T2 and T9. These two groups of fibres are also seen in Case I (Fig. 2) , where the lesion was supraspinal, evidence that they are reticulospinal fibres. The group anterior to the lateral horn is seen in Case 119 (Fig. 7) with a total compression of the cord at T3 but neither group could be distinguished in Case 4 (Fig. 8) with compression of the cord at T8-10. Both groups are degenerating in case 89 (Fig. 16) .
The fibres alongside the lateral horn were not seen below LI and in some cases not below T7. The fibres on the anterolateral surface of the anterior horn continued further caudally. Neither group is present in all cases.
In Case 19, the incisions at C5 and 6 were anterolateral. Fibres of the anterolateral column were divided, but none of the anterior column. Degenerating fibres descend on the periphery of the anterolateral column. The fibres, in this position, that follow incisions in the upper cervical cord indicate their pontine origin. (The scattered degeneration throughout the white matter, and particularly in the posterior columns, consists of degenerating ascending fibres following a crush of the cord due to collapse of the vertebrae, infiltrated by neoplastic tissue 10 days before death.)
In this case (Fig. 15 ) the group of fibres surrounding the lateral horn are not degenerating. This accords with the incisions; for they did not reach the posterior angle of the anterior horns, where the central sympathetic fibres descend through the cervical cord (Nathan and Smith, 1986) . That the central sympathetic fibres were not involved is also shown by normal sweating in this case. A photograph of the sweat test was shown as Fig. 5 in the paper by Nathan and Smith (1987) . The fibres on the anterolateral surface of the anterior horn are degenerating in the thoracic segments (T5) but only on the left. Yet the two incisions are so alike that one would not have expected any difference in the pattern of degenerating fibres of this region.
Descending fibres of the anterior and anterolateral columns are moving posteriorly as they descend throughout the thoracic cord. The shift of these fibres is seen on the left by comparing the location of degenerating fibres at C8 and T5. As reticulospinal and propriospinal fibres are entering the grey matter, there are far fewer degenerating fibres in the lower thoracic sections. By L2, it was apparent that the more medial fibres had entered the grey matter, leaving only a few fibres on the periphery.
It is unlikely that all the fibres in the posterolateral column are corticospinal: this applies particularly to the left side of the cord as the incision did not divide a great many lateral corticospinal fibres. The fibres on and anterior to the equatorial plane shown in T5 are reticulospinal and propriospinal.
Thoracic cordotomies
Case 89 (Fig. 16 ) is important as the bilateral cordotomy at T2-3 effectively cut through the anterior half of the cord. The incisions extended slightly posteriorly into the posterolateral columns. They thus divided all reticulospinal fibres below the cervical enlargement.
In this case, the degenerating fibres surrounding and anterior to the lateral horn form a single group (seen here as an area of pallor). There are degenerating fibres between this group and the periphery of the lateral column. There are also degenerating fibres on the periphery of the anterior and anterolateral columns. Degenerating fibres in this location were also seen following high cervical cordotomies. Those traversed by the anterior root fibres may be fibres of the lateral vestibulospinal tract as well as reticulospinal fibres; the two tracts cannot be distinguished.
In Case 7 (Fig. 17) , there were large bilateral incisions between T5 and 6. Only the right side of the cord is shown. This incision reached the anteromedian fissure, and posteriorly it divided the anterior fibres of the lateral corticospinal tract.
As there are far more degenerating fibres at T12 than at L2, it is concluded that most of these fibres divided at T5 and were destined for the lumbar enlargement.
Anterior to the lateral corticospinal tract on the periphery of the cord, the degenerating fibres form a triangle. They can be seen at L2 and have ceased by L4. This group of less scattered fibres in the lateral column was also seen in the two cases of cord compression mentioned above and in the next case, Case 10. In these cases, the lesion or the incision was at T3, T10, T5 (Fig. 18 ) and T5. It may be that these fibres arrive in this region below the cervical enlargement. We have no evidence as to whether they are reticulospinal or propriospinal.
Although the incisions involved the lateral horn bilaterally (Fig. 17) , neither the bundle of fibres surrounding the lateral horn nor the group of fibres anterior to it were seen at T9 or below that level.
Regarding the anterior column, by L4, the only degenerating fibres are those along the anteromedian fissure and along the periphery of the cord. The latter fibres form a continuous band, unlike the fibres on the right in Case 89 (Fig. 16 ). That these fibres are reticulospinal is shown by their presence also in Fig. 9 (Case 44) in which the incision was at Cl-2. The fibres along the median fissure are fibres of the anterior corticospinal tract, medial longitudinal fasciculus and propriospinal fibres.
In Case 10 (Fig. 18) , both incisions were at T5. The right one divided anterior fibres of the lateral corticospinal tract whereas the left was immediately anterior to this tract. This may be confirmed by comparing the location of the incisions in Fig. 18 with that of the lateral corticospinal tract shown at T6 in Fig. 21 . The anterior fibres of the lateral corticospi tract are degenerating on the right (Fig. 18, T7) ; they fo a crescent-shaped mass. The fibres degenerating on the 1 are not corticospinal as they lie anterior to the lateral he These fibres are also present on the right, anterior to darker mass of fibres of the lateral corticospinal tract Tl extend laterally to the periphery of the cord. They h; ceased by T12.
No degenerating fibres surrounding the lateral horn w seen in Case 10 below the incisions. Examination of incisions showed that they were essentially anterior to horns, but it would have been expected that they would hi divided many fibres of this group. However, degenerating fibres in the group on the anterolateral border of the anterior horn were seen bilaterally, but as degenerated fibres continued from this region laterally towards the periphery, it is not certain that they formed a specific group.
The incisions in Case 3 (Fig. 19) at T6 on the left and T7 on the right are the most lateral of the thoracic cordotomies from the region of the lateral horn, not reaching the periphery; on the left these fibres are more scattered. Between these fibres and the degenerating fibres of the lateral corticospinal tract, there is an area of normal fibres, which presumably are ascending. They are also seen on the left in Case 89 (Fig. 16 ) and Case 67 (Fig. 20) . The more lateral of these ascending fibres are spinothalamic and spinoreticular.
The groups of fibres around the lateral horn and on the anterolateral surface of the anterior horn are not degenerating as the incisions barely reached the lateral horns. The areas of pallor in the peripheral third of the anterolateral columns are reticulospinal fibres. They are also seen in Case 89 (Fig. 16) . As the anterior roots are passing through the most medial of these areas some or all of this group may be fibres of the lateral vestibulospinal tract Case 67 (Fig. 20) is included to show one feature of the propriospinal system. The large incision at T3 divided most of the lateral corticospinal tract and this tract is degenerating at LI. Between this tract and the posterior horn is a thin band of juxtagriseal fibres.
Conclusions from spinal cases on reticulospinal tracts and descending propriospinal fibres
Reticulospinal tracts
In the spinal cord reticulospinal fibres are mingled with other ascending and descending fibres. In most segments, they appear to lie deep to the spinocerebellar tracts.
The cordotomies in the cervical cord showed that a great many reticulospinal fibres terminate in the cervical enlargement. Throughout the cervical cord, the fibres enter the adjacent surfaces of the anterior horn and the zona intermedia. Below T2, the proportion of reticulospinal to propriospinal fibres changes as there are fewer reticulospinal and more propriospinal fibres.
In thoracic cordotomies, it is seen that for two or three segments below an incision there are many degenerating fibres and further caudally there are fewer fibres. This rapid decrease in the number of degenerating fibres is also clear in cases of total cord lesions due to compression. This fact is evidence that the majority of descending fibres in the thoracic, lumbar and sacral segments are short propriospinal, bridging one to two segments.
As the cordotomy incision should come posterior to the equatorial plane in order to divide the entire spinothalamic tract, it is likely to divide some fibres of the lateral corticospinal tract. Of the cases illustrated, some fibres of this tract were divided in 14 cases and none in four. This fact makes it difficult to distinguish corticospinal from reticulospinal fibres in the cervical cord. In general, below C8, this intermingling of the anterior fibres of the lateral corticospinal tract with other descending fibres presents less of a problem, for the fibres of the lateral corticospinal tract are entering the zona intermedia immediately posterior to the lateral horn. But in a few cases, they are scattered around the lateral horn before entering the grey matter. Nathan and Smith (1987) located central sympathetic fibres surrounding the lateral horn. This was on the basis of correlating vasomotor and sudomotor activity during life with superimposition of the incisions after death. In the present purely histological study, a group of fibres in this location was seen in many but not in all cases. As it was expected that these fibres would be seen to be degenerating in all cases in which the incision was deep enough to divide the lateral horn, the matter was examined further.
These fibres surrounding the lateral horn were seen in Case 1 at T6 (Fig. 2) . They are more obvious on the left, and the lesion in the pons was more extensive on the left. This case establishes their supraspinal origin. In Case 119 with a compression of the cord at T3, the tract was not seen on either side in the thoracic segments (Fig. 7, T7) . In Case 4, with the compression at T8-10, there were so many degenerating fibres below the compression that an isolated group of fibres was indistinguishable (Fig. 8) .
Most of the cervical cordotomies illustrated did not provide any evidence of the presence of these fibres, as the incisions were not deep enough to involve this region of the grey matter. They are seen, however, in Case 37 (Fig. 14) where the incision went into the grey matter just anterior to the equatorial plane at C2-3. In Case 39 (Fig. 13) there are a great number of degenerating fibres around the lateral horn. As the incision at C2-3 also reached into the grey matter in the posterior part of the lateral surface of the anterior horn, it is probable that these fibres include the bundle of fibres under discussion. Of the thoracic cordotomies in which the incision divided the lateral horn, these fibres were seen bilaterally in Case 89 (Fig. 16) at T7, but were not seen bilaterally in Case 7 (Fig. 17) at T12.
In 10 other thoracic cordotomies, not illustrated, there were 18 incisions involving the lateral horn. The group of fibres was seen following 11 incisions and a few fibres were seen in one further case. It was not seen following the other six incisions.
Most of the fibres of the group do not descend as far as LI, for these central sympathetic fibres are entering the lateral horn throughout the thoracic segments. Our clinical evidence reported by Nathan and Smith (1987) suggested that the sympathetic fibres for vasomotor and sudomotor control all leave the cord cranial to T7; and so it follows that there must be fewer fibres surrounding the lateral horn below this segment.
In some cases, it appears that fibres of the lateral corticospinal tract contribute to this bundle. Unlikely though this seems to be, the matter was examined in more detail. There were 10 cordotomies with degeneration of the group surrounding the lateral horn and also of the anterior fibres of the lateral corticospinal tract In these cases the two tracts were clearly separated, and it was obvious that the lateral corticospinal tract fibres were entering the grey matter posterior to the lateral horn. For example, in Fig. 13 at Tl 1, corticospinal tract fibres and reticulospinal fibres are seen adjacent to the processus reticularis and definitely posterior to this bundle of fibres.
We asked the question whether this bundle of fibres was degenerate in a purely motor disorder, motor neuron disease. In eight cases with obvious degeneration of the lateral corticospinal tract, it was seen that the bundle of the lateral horn was normal and that the degenerating fibres of the lateral corticospinal tract were located immediately posterior to the lateral horn and made no contribution to this bundle.
In our previous paper on the location of the corticospinal tracts in man (Nathan et al., 1990) , degenerating fibres can be seen around the lateral horn and scattered anterior to the horn in cases of cerebral infarcts causing degeneration of the lateral corticospinal tract The evidence is shown here as Fig. 21 . The high-power photograph at T6 in Fig. 3 of that paper shows that these fibres do not form a condensed bundle, being scattered within the area.
Yet reason, and our total evidence, lead one to conclude that it is unlikely that the columns of sympathetic fibres in the grey matter of the thoracic cord receive corticospinal fibres in some people and not in others.
The group of fibres on the anterolateral surface of the anterior horn is a different entity from the reticulospinal fibres scattered throughout the lateral column. These fibres were seen following 13, but not following seven cordotomy incisions. They were degenerating both in cervical and thoracic cordotomies.
It is apparent that the findings with respect to these two groups of fibres are variable. One possible reason for this is that there are a great many juxtagriseal propriospinal fibres surrounding the lateral and anterior horns and that makes it difficult to distinguish specific groups of fibres.
The terminations of the reticulospinal fibres were not studied. However, throughout the cervical segments, fibres of the anterior and anterolateral columns were seen entering all surfaces of the anterior horns. A great many fibres were seen running towards the zona intermedia, but only a proportion of these fibres are reticulospinal. Where the lateral horns are present, fibres surround and enter them. The group of fibres anterior to the lateral horn on the anterolateral surface of the anterior horn enter the subjacent part of the anterior horn. Figure 22 , based on the evidence of our cases, is a diagram of reticulospinal fibres at C7, mid-thoracic segments and at L3. The fibres have been grouped as follows: Group 1, reticulospinal fibres scattered in the anterior and anterolateral columns; Group 2, reticulospinal fibres in the lateral column; Group 3, the descending bundle of the lateral horn; Group 4; the sulcomarginal fasciculus; Group 5, reticulospinal fibres on the periphery of the anterior and anterolateral columns. All of these groups of fibres were seen in cases with supraspinal lesions.
Group 1: reticulospinal fibres scattered in the anterior and anterolateral columns
The reticulospinal fibres within the anterior column were labelled the medial reticulospinal tract in the cat by Papez (1926) . In man, the reticulospinal fibres in the anterior and anterolateral columns are both scattered throughout the columns and collected into bundles. Some are seen surrounding the anterior horn before entering it. Below C2, the fibres are more concentrated along the peripheral third of the anterior column, the inner two-thirds being filled with propriospinal and spinothalamic fibres (Smith, 19576) . The great number of reticulospinal fibres seen in the upper cervical cord is reduced below the cervical enlargement.
The reticulospinal fibres in the anterolateral column running to the phrenic nucleus were located in man by Nathan (1963) and confirmed by Newsom-Davis and Plum (1972) . These fibres are called the ventrolateral reticulospinal tract by Schneider and Crosby (1982) . Our cases with high cervical incisions show that a large proportion of reticulospinal fibres of the anterior and lateral columns pass into the grey matter both above and in the cervical enlargement. Reticulospinal fibres of the anterior and anterolateral columns move posteriorly as they descend, although some remain in these columns throughout the cord.
Group 2: reticulospinal fibres in the lateral column
There are scattered reticulospinal fibres within the anterolateral column as far as the upper sacral segments. In addition to the fibres that move from the anterior into the lateral column, there are reticulospinal fibres that enter the cord from the medulla, lying anterior to the lateral corticospinal tract, and remain in that position throughout the cord; they were traced as far as L3. They are scattered between the compact group of fibres surrounding the lateral horn and the periphery. These are likely to be reticulospinal fibres from the brainstem that organize defaccation and micturition (Nathan and Smith, 1953, 1958) . On the periphery of the lateral column, just anterior to the lateral corticospinal tract, there are degenerating fibres more densely grouped into a triangle. They are seen in the thoracic segments and remain in this location at least as far as L3.
Group 3: the descending bundle of the lateral horn
This bundle of fibres surrounding the lateral horn was designated on clinico-histological grounds as being the central sympathetic fibres descending from the brainstem and supplying the intermediomedial and intermediolateral cell columns (Nathan and Smith, 1987) . The group of fibres anterior to the fibres surrounding the lateral horn on the anterolateral surface of the anterior horn were seen to be degenerating following incisions as high as C3. They are not fibres descending to the sympathetic neurons of the thoracic cord, for this group of fibres was not identified in our previous paper. Our evidence is insufficient to tell whether these fibres are reticulospinal or propriospinal.
Group 4: the sulcomarginal fasciculus
The sulcomarginal fasciculus is a group of fibres arising in the brainstem occupying the sulcomarginal angle. Schoen (1964) , summarizing previous work, refers to it more correctly as the sulcomarginal zone and concludes that in the upper part of the cord it includes tectospinal and interstitiospinal fibres, vestibulospinal crossed and uncrossed and reticulospinal crossed and uncrossed. From this description, it is clear that he is using this term for the descending fibres of the medial longitudinal fasciculus. It cannot be seen as a separate bundle in most material in the more cranial segments, but it becomes separate at lower levels after degenerating fibres have entered the anterior horn. It was obvious in the lumbar and sacral segments. The fasciculus is the most medial of the group of reticularospinal fibres descending along the periphery of the cord.
Throughout the cord, including the sacral segments, fibres are seen crossing the anterior commissure. In this material, identification of crossing reticulospinal fibres is impossible. For where the anterior corticospinal tract is still present, the fibres of this tract are crossing. And throughout the cord there are large numbers of proprospinal fibres lying near to, and crossing, in the commissures. Cajal considered these as a special feature of this system and named them the commissural bundle.
Group 5: reticulospinal fibres along the periphery of the anterior and anterolateral columns
Groups of reticulospinal fibres descend on the periphery of the anterior and anterolateral columns. As these fibres degenerate after incisions at C1-2, they must be reticulospinal fibres. In most cases they can be seen descending throughout the cord. In some cases, below the cervical enlargement, these fibres remain as a band on the periphery; in others, and it may change in different segments, the band is divided into separate groups.
Propriospinal fibres are considered under the headings of juxtagriseal fibres and ground bundles of the anterior and lateral columns.
Descending juxtagriseal fibres
Juxtagriseal fibres are already present at Cl, coming from the medulla. Most of these fibres are short, for they do not extend for more than one or two segments below or above an incision.
Ground bundles of the anterior and lateral columns
As a great many more descending degenerating fibres are seen below any incision in the midthoracic segments than below supraspinal or higher cervical segment lesions, the majority of degenerating fibres at all levels of the thoracic cord and further caudaJly cannot be reticulospinal but are propriospinal.
General conclusions Vestibulospinal tracts
The course of the lateral vestibulospinal tract was described on pp. 1811-14 and shown in Fig. 5 . In our material, with the histological techniques used, the tract was not traced caudal to L3. It is uncertain whether the fibres in and below the thoracic segments are all vestibulospinal, as fibres of various origins are intermingled in this area. No observations could be made on the course of the medial vestibulospinal tract, as it could not be distinguished from other fibres within the medial longitudinal fasciculus
Reticulospinal fibres
From this study, we conclude that, with some exceptions, reticulospinal fibres do not form compact tracts, but are scattered in the anterior and lateral columns. Our evidence from the cases with supraspinal lesions shows that reticulospinal fibres run both ipsi-' and contralaterally, with a preponderance of ipsilateral fibres. This statement is most inadequate but it is the only conclusion that we can draw from two cases with unilateral lesions.
The fibres scattered in the lateral column of the thoracic cord lie between the lateral horn and the periphery of the cord, most of them being in the medial two-thirds of this region. There is, what is likely to be, a different group of fibres lying on the periphery, anterior to the lateral corticospinal tract, forming a triangle on transverse section.
Many reticulospinal fibres of the anterior and lateral columns move posteriorly as they descend. But there are small groups of fibres that remain on the periphery of the anterior and lateral columns throughout the cord. The descending reticulospinal fibres that surround the lateral horn form a compact group. Immediately anterior to these fibres is another group of fibres lying on the anterolateral surface of the anterior horn. Reticulospinal fibres of the anterior column enter the anterior horn throughout the cord. Some of these fibres as well as those of the lateral column enter the zona intermedia. Many fibres arising within the brainstem reach at least as far as the lower lumbar segments. These projections have been shown in many other species, including the monkey. We have previously shown (Nathan et al., 1990) that there is asymmetry of the corticospinal tracts on the two sides of the cord. An examination of total cord lesions shows similar asymmetry of other descending tracts.
Tables 4 and 5 report the location of reticulospinal fibres in the monkey and the cat as shown by other workers. If man is similar to these species, then the various incisions limited to parts of the white matter will have divided some or all of the tracts listed in these tables.
There are some known species differences. First, in man the rubrospinal tract is small and may not reach the cervical enlargement (Nathan and Smith, 1982) . Secondly, the area of the posterolateral column that is occupied by the lateral corticospinal tract is relatively much larger in man than in Table 4 Descending fibre groups from brainstem in anterior and anterolateral columns Origin of fibres in cord n.interstitial is n.coer., n.subcoer. n.ret.parabr.med. n.coer., n.subcoer.. p.a.g., n.K-E. n.ret.parabr, n.raphe pal. et obsc. Kuypers and Maisky (1977) Holstege (1988) Holstege and Cowie (1989) Staal (1961), Nyberg-Hansen (1966a) , Kuypers and Maisky (1977) Holstege and Cowie (1989), Holstege (1991) Holstege (1988) Kuypers and Maisky (1977) Holstege and Kuypers (1987) Bjdrklund and Skageberg (1982) Torvik and Brodal (1957) . Staal (1961) , Nyberg-Hansen (1965) , Petras (1967) Bobilher et al. (1976) Holstege and Kuypers (1982 Kuypers ( , 1987 Basbaum el al. (1978) Holstege and Kuypers (1982) Tohyama « a/. (1979) Martin et al. (1978 Martin et al. ( . 1990 Bjorklund and Skageberg (1982) Merrill (1970 Merrill ( . 1974 Rikard-Bell el al (1984) Kuypers and Maisky (1977) Loewy and Burton (1978) Martin et al. (1990) Kuni etal. (1960) Kuru and Iwanaga (1966) Buttner-Ennever and Coulters al. (1979) lat.ret.sp tr. = lateral reticulospinal tract; n.coer. = nucleus coeruleus; n.K-F = nucleus of KOIIiker-Fuse; n.raphe mag. = nucleus raphe magnus; n.raphe obsc. = nucleus raphe obscurus; n.raphe pal. = nucleus raphe pallidus; n.ret.gc. = nucleus reticulans gigantocellularis; n.ret.me. = nucleus reticular magnocellularis; n ret.parbr.med. = nucleus reticularis parabrachialis medialis; n.ret pont.caud. = nucleus retiojlaris pontis caudalis; n.reLpom.or. = nucleus reticularis pontis oralis; n.trsol = nucleus of tractus solitani; n^ubcoer. = nucleus subcoeruleus; p.a.g. = periaqueductal grey. Westlund and Coulter (1980) Westlund el al (1982, 1984) Carlton et al. (1985) Kuypers el al. (1%2) Kuypers and Maisky (1977) Holstege and Griffiths (1990) Tohyama el al (1979) Holstege (1988) Kuypers and Maisky (1977) Holstege and Kuypers (1982) Staal (1961) Kausz ( Kuypers and Maisky (1977) Basbaum and Fields (1979) Holstege and Kuypers (1987) Brodal (1957) Brodal et al. (I960) Tohyama et al. (1979) Nyberg-Hansen (1965, 1966*) Petras (1967) Kuypers and Maisky (1977) Martinet al (1978) Westlund et al. (1982) Holstege and Griffiths (1990) Basbaum et al. (1978) BjOrklund and Skageberg (1982) Holstege and Kuypers (1982) Tomk ( Kuru et al. (1960) lat rct.sp.tr = lateral reticulospinal tract; n coer. = nucleus coeruleus; n.K-F = nucleus of KOUiker-Fuse; njaphe mag. = nucleus raphe magnus; n.raphe obsc. = nucleus raphe obscurus; n.raphe pal. = nucleus raphe pallidus; n.ret.gc. = nucleus reuculans gigantocellularis; njet.lat.paragc. = nucleus reticularis lateralis paragigantocellulans; n.ret.me. = nucleus reucular magnocellulans; n.retparbr.med. = nucleus reticularis parabrachialis medialis, n.reLpon.caud = nucleus reucularis pontis caudalis; n ret.pon.or. = nucleus reticularis pontis oralis; n.trsol = nucleus of tractus solitarii; n.subcoer. = nucleus subcoeruleus; p.a.g. = periaqueductal grey.
other species. Thirdly, the size of nuclei differs in various species: the size of some nuclei is different in man from that in species most often investigated, such as the cat and rat. According to Tork et al. (1990) , the nuclei parabrachialis are small in man as they contain few neurons. Also, there are only few neurons in the region of the nucleus of KollikerFuse and in the nucleus subcoeruleus Evidence from the monkey and the cat indicates that, in both anterior and lateral columns, there are fibres from the nucleus cuneiformis, nuclei coerulus and subcoerulus, from the periaqueductal grey, from the nucleus reticularis pontis oraly and caudalis and from the nuclei raphe magnus, obscurus and pallidus. Also in the adjacent reticular formation there are fibres from the nucleus of tractus solitarii, the retroambiguus complex and from the nuclei reticularis gigantocellularis and magnocellularis. Some or all of these fibres will have been divided in our spinal cases.
The following groups of fibres run in the anterior column, and they could have been divided by anterior incisions. They include fibres from nuclei lateral to the periaqueductal grey, the nucleus interstitialis, the nuclei reticularis pontis and caudalis, the tectospinal tract and fibres from the Field of Forel, from the nucleus coeruleus, nucleus subcoeruleus, nucleus cuneiformis and parabrachial nuclei, fibres from the nucleus supraspinalis and adjacent reticular formation.
The lateral reticulospinal tract, described by Papez in the cat, descends anterior to the lateral corticospinal tract. It is made up of fibres from the nuclei coeruleus and subcoeruleus, the nuclei parabrachialis medialis, the nuclei reticularis pontis oralis and caudalis and fibres from the medial reticular formation of the medulla.
In the cat, the fibres surrounding the lateral horn originate in the nucleus of Edinger and Westphal, the hypothalamus, the nucleus subcoeruleus, the medial nucleus of the tractus solitarius, the nuclei raphe magnus, pallidus and obscurus, the nucleus subretrofacialis and neurons of the medial reticular formation of the medulla.
Descending propriospinal fibres of the anterior and lateral columns
The majority of descending fibres below any lesion caudal to the cervical enlargement are propriospinal. They are scattered among reticulospinal fibres in the anterior and anterolateral columns, as they are in the cat (Rustioni et al., 1971) . The bundle on the anterolateral surface of the anterior horn may be propriospinal or reticulospinal; our evidence is inconclusive.
Discussion
Since our reviews of long descending tracts (1955) and propriospinal fibres (1959), little has been added to knowledge of their anatomy in man, although great advances have been achieved in other species due to techniques based on axon flow.
Lateral vestibulospinal tract
Direct evidence on the anatomy of the vestibulospinal tracts in man is meagre. In the cat, the most important of earlier contributions was that of Brodal (1974) . Sadjadpour and Brodal (1968) showed that the vestibular nuclei were the same in man and in the cat. The course of the tracts is essentially the same. Collier and Buzzard (1901) traced the lateral vestibulospinal tract into the lumbar cord in man. We have shown evidence suggesting that the lateral tract was still present at L3.
In most mammals the tract has been traced throughout the spinal cord. Suzuki (1985) using horseradish peroxidase, traced the lateral tract into the sacral segments of the cat.
Reticulospinal tracts
The position of degenerating tracts above and below a transverse compression lesion of the spinal cord was first studied 100 years ago. Hoche (1896) , for example, investigated a case of compression at T4-5 and traced fibres from the lesion in the anterolateral columns into the lumbar segments and fibres in the lateral columns for a few segments downwards. He also observed that the sulcomarginal tract descended into the lowest sacral segments. What has never been emphasized is how few degenerating fibres there are below a complete transverse cord lesion caudal to the cervical enlargement. This is evidence that, apart from the lateral corticospinal tract below the cervical enlargement, most of the descending fibres are propriospinal. Collier and Buzzard (1901) described the lateral reticulospinal tract as fibres that entered the cord in the lateral column and remained in that column anterior to the lateral corticospinal tract. They wrote that the fibres 'were somewhat scattered in the dorso-lateral part of the lateral pyramidal field' and commented that they were occupying 'apparently the same position in the medulla and spinal cord as does Monakov's bundle' (rubrospinal tract). However, not all descending fibres in this location form a single tract. It is shown here that many of these fibres have moved posteriorly from the anterior column. It is also likely that the group of fibres forming a triangle on the periphery are a different fibre group from those scattered between the lateral horn and the periphery of the cord.
The investigation most relevant to our work is that of Sie Pek Giok (1956 Giok ( , 1958 . His material consisted of normal foetuses and newborn babies, of softenings in the brainstem due to vascular lesions, a case of metastasis at C3 and anterolateral cordotomies.
Giok found (1956), as we did, scattered degeneration of reticulospinal fibres in the anterior and lateral columns; and he saw the descending bundle of the lateral horn, and degeneration in a bundle of fibres on the periphery of the anterior column. He concluded from his case of hemisection at C3 and the rest of his material, that reticulospinal fibres 'within the ventrolateral funiculus cease at the caudal end of the cervical enlargement'. His total conclusion was: 'Subdivision of the white matter of the human medulla and cord into tracts is, in reality, not feasible, because most of the tracts mix with one another and overlap to such a degree that almost every microscopic area has a heterogeneous nerve fibre content'.
Giok (1958) concentrated on propriospinal fibres; he showed that following cordotomies at T3 and T5, there were degenerating fibres 'diffusely spread over the whole ventrolateral funiculus'; most of these fibres terminated at various levels, some continuing as far as the lumbar enlargement. As these fibres were not seen after the case of hemisection at C3, he concluded that they were propriospinal fibres arising between C3 and T3, and mainly in the cervical enlargement. He suggested that the fibres were homologues to the reticulospinal fibres of the cervical ventrolateral column. However, such a general conclusion should not be based on a single case. His overall conclusion was that 'the reticulospinal fibre system within the ventrolateral funiculus of the human cord is, in reality, a reticulocervical system and that it together with the cervicothoracic and cervico-lumbar fibres constitutes ... a chainlike system within the ventrolateral funiculus'.
Although we have also been impressed with the decreased number of reticulospinal fibres below the cervical enlargement, we do consider that this conclusion is exaggerated. One has only to look at our Fig. 2 to see the great number of degenerating fibres there are in the lumbar cord following a destructive lesion of the pons.
The vast literature on the anatomy of reticulospinal fibres in species other than man will not be discussed here. It must however be stated that Kuypers et al. (1962) , using the Nauta-Gygax method in the monkey, traced a great many more subcorticospinal fibres into the lumbar and sacral segments than we did in man. All investigators have shown that, in the monkey and the cat, reticulospinal fibres are intermingled with other fibre systems of the anterior and lateral columns. Van Beusekom (1955) , working on the cat, emphasized that 'reticulospinal fibres are not united in more or less compact tracts'. Our findings in man have also shown that reticulospinal fibres are scattered throughout the anterior and lateral columns; but they also descend in groups.
In this material, such groups of fibres were seen on the periphery of the anterior and anterolateral columns, a group of fibres forming a triangle on the periphery of the lateral column immediately anterior to the lateral corticospinal tract, a bundle of fibres surrounding the lateral horn in the thoracic segments and a group of fibres anterior to this bundle on the anterolateral surface of the anterior horn. Van Beusekom also found the bundle surrounding the lateral horn in the cat and he too concluded that it consisted of central sympathetic fibres. Like Giok, he considered that the scattered reticulospinal fibres could not be traced below the upper cervical segments; but those between the medial longitudinal fasciculus and the vestibulospinal tract 'appeared to descend further into the cervical intumescence'. Our general conclusion is similar to his: that reticulospinal fibres become replaced by propriospinal fibres. Rickard-Bell et al. (1984) , working on the cat, found fibres from the tractus solitarius and nucleus retroambiguus going to the phrenic nuclei in the anterolateral column. This group of fibres corresponds with the fibres that lie adjacent to the anterolateral border of the anterior horn within the first three cervical segments described in man by Nathan (1963) . These are the fibres for automatic respiration.
Propriospinal fibres
Apparently there is no new work on the anatomy of the propriospinal system in man since our review in 1959.
Our evidence, and that of all others, shows that propriospinal fibres are arranged according to Flatau's law (1897) , the short fibres remaining closest to the grey matter, pushing the longer fibres towards the periphery.
In the thoracic cord, we found a bundle of fibres lying on the anterolateral surface of the anterior horn, immediately anterior to the bundle of the lateral horn. Like the bundle of the lateral horn, this bundle was not seen in all cases in the lower thoracic cord. Our evidence is insufficient for us to decide whether these are reticulospinal or propriospinal fibres.
That there are propriospinal fibres along the lateral border of the posterior horn was originally shown by Cajal. Krumholz (1912) then showed that they exist in man. We confirm his findings: an example is Case 67.
In the monkey, Kuypers et al. (1962) described short descending reticulospinal fibres which they called the lateral reticular system. Most of these fibres originate in the lateral reticulari area and some in the lateral pontine tegmentum. They form a part of the lateral juxtagriseal fibres of the cervical cord. They suggest that 'The lateral reticular system seems to represent the cranial continuation and the homologues of the lateral propriospinal bundles', which supply the motoneurons of the limbs.
Van Beusekom found in the cat that 'one segment caudal or cranial to a cordotomy [the juxtagriseal fibre layer] is the only area which is nearly free from degenerated fibres'. We found the same in man and also conclude that this layer consists of the shortest propriospinal fibres. He also concluded that reticulospinal tracts contain large numbers of propriospinal fibres between their own fibres'. Rustioni et al. (1971) concluded that in the cat, propriospinal fibres of the anterior column were 'distributed to the motoneurons of axial, girdle and thigh muscles in L4-S2. In contrast, propriospinal fibres in the dorsal and intermediate portions of the lateral funiculus are distributed primarily to the lateral and central parts of laminae V-VII and to motoneurons of leg and foot muscles in L6-S2. ' In physiological experiments in the cat, Illert et al. (1978) showed that there were motor propriospinal neurons with cell bodies located in the zona intermedia of C3 and 4 which go mainly to the brachial segments; some descended as far as the thoracic and lumbar segments. They suggested that some of these neurons were concerned with inter-limb reflexes.
Also in the cat, Holstege (1988) and Holstege and Blok (1989) found that propriospinal neurons of the zona intermedia of C2 descend to the motoneurons of the upper limbs at C6-TI.
It is noteworthy that the diagram of reticulospinal fibres in the cervical and thoracic segments does not resemble any of the diagrams in the anatomical textbooks, but it does correspond with the overall picture shown in Fig. I .
